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A B S T R A C T
Lead-free perovskite oxide thin ﬁlms prepared by alloying of titanates and materials with lower melting points
are shown to have enhanced ferroelectric and dielectric properties. BaTiO3 (or SrTiO3) with 25% addition of
BiFeO3 has much improved crystalline perfection because of the lower melting point of the BiFeO3 giving en-
hanced growth kinetics. The maximum dielectric peak temperature of BaTiO3 is increased by ~ 200 °C and
leakage currents are reduced by up to a factor of ~ 100. The loss tangent reduces up to 300 °C, with a factor
of> 14 reduction at room temperature. The dielectric breakdown strength is higher by a factor of ~ 3
(> 2200 kV cm−1) and from room temperature up to 500 °C the dielectric constant is> 1000. Also, a low
variation of dielectric constant of ~ 9% from room temperature to 330 °C is obtained, compared to ~ 110% for
BaTiO3. The maximum polarization (Pmax) is double that of BaTiO3, at 125.3 μC cm−2. The ﬁlm has high energy
storage densities of> 52 J cm−3 at 2050 kV cm−1, matching Pb-based ferroelectric ﬁlms. The strongly im-
proved performance is important for applications in energy storage and in high temperature (up to 300 °C)
capacitors as well as wider application in other electronic and energy technologies.
1. Introduction
Ferroelectric materials including normal ferroelectrics, relaxor fer-
roelectrics and antiferroelectrics exhibit the eﬀect of spontaneous
electric polarization which can be reversed by electric ﬁeld application
[1,2]. Because of their electric polarization behaviors and unique di-
electric properties, they have been widely investigated for various ap-
plications such as capacitors, energy harvesting and storage, high-
power electronic transducers, electrocaloric cooling/heating devices,
microwave electronics and non-volatile memories [3–7]. For such ap-
plications of dielectric or ferroelectric materials, low leakage current
and high breakdown strength in addition to high electric polarization
and dielectric constant are required. While epitaxial ferroelectric ﬁlms
have higher densities and lower defect concentrations than bulk and
properties can be improved by epitaxial constraints [8–10], making
them capable of withstanding high electric ﬁelds (typically, one order
of magnitude higher breakdown strength than bulk ceramics) and
possessing exceptionally large volume speciﬁc energy storage density
[11–13], they are still far from ideal. In particular, oxide thin ﬁlms have
crystallographic defects which negatively impact breakdown strength
[14]. The continuing drive towards miniaturization of electronic cir-
cuits and devices is motivating the development of new ‘thin ﬁlm’
materials [15].
The family of perovskites with the general formula ABO3 (A: cation
at the vertices of the cube, B: cation at the body center) is an important
class of ferroelectric materials. Industry-standard ferroelectric per-
ovskites contain lead, which is toxic and environmentally unfriendly
because lead-free materials normally exhibited inferior ferroelectric
properties to those of the lead-based materials [16]. However, in con-
sideration of the growing demand for green materials with minimized
impacts on health and environment, lead-free compositions are ur-
gently required [17,18].
Solid solutions yield the opportunity to create improved [19–21],
unexpected or superior properties beyond averaging of their end
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T
member properties [22,23]. Careful choice of end members and their
compositions is required. Although ferroelectric epitaxial solid solution
thin ﬁlms have been reported so far [24–28], the idea of enhancing
ferroelectric and dielectric properties in Pb-free ferroelectrics ﬁlms by
selecting the right chemistry for defect reduction at the same time as
enhancement of the temperature of the dielectric maximum has not
been considered to date. In this study, we propose and demonstrate a
way to do this. The parent materials chosen are standard BaTiO3 (BTO)
or SrTiO3 (STO) with BiFeO3 (BFO) additions. On their own these
compositions have the following salient and detrimental points:
BTO and STO are well-investigated oxide ferroelectrics with distinct
structural and electrical properties. The materials are easy to grow in
thin ﬁlms form. Epitaxial quality, crystallinity and defect density of
ﬁlms have a signiﬁcant inﬂuence on electrical properties of the ﬁlms
with many oxide ferroelectric ﬁlms having far too high defect con-
centrations [29], especially compared to perfect single crystals. A key
reason for this is the poor kinetics of growth of oxide ﬁlms [30], i.e.
they are grown far below their melting points. This makes the ﬁlm has
many defects as well as it making strain-relief by misﬁt dislocations
diﬃcult, consequently leading to a wide range of other more deleter-
ious defects [31]. Other problems of BTO and STO are their low fer-
roelectric Curie temperatures (Tcs) which are too low to be practical for
many applications [4,32]. For BTO, Tc is ~ 130 °C, and STO is ferro-
electric only at cryogenic temperatures [33,34]. Indeed, it is para-
electric at room temperature. BFO has a high Curie temperature, Tc: ~
850 °C) [35,36]. However, it is very prone to defects and its high
leakage current value limits its use in electronic devices [37]. Its
rhombohedral structure means it is hard to grow on the standard single
crystal substrate, STO, to give ideal ferroelectric properties [38].
For the following reasons, we propose that by combining BTO (or
STO) with BFO there may be beneﬁts of both enhanced maximum di-
electric peak temperature of the BTO (or STO) and reduced defects
concentrations:
– Mixing of the higher Tc BFO phase with the lower Tc titanate gives
an enhancement of the temperature of the dielectric permittivity
maximum [39].
– Bi-based compound additions to ceramics enhance growth kinetics
[40]. In particular, there is a low melting eutectic between Bi2O3
and TiO2 with the possibility of quasi-equilibrium eﬀects which can
reduce this temperature further [41]. Hence, there should be a
strong chance for defect reduction in BTO and STO in this work. The
key question to answer is what level of BFO addition gives this
beneﬁcial eﬀect without it being too high that the inherent defects
associated with BFO will degrade the ferroelectric properties.
In this study, the diﬀerent thin ﬁlm compositions were deposited
under the same conditions on single crystalline STO substrates. STO is
the most established single crystalline substrate for ﬁlm growth, and is
the most promising oxide buﬀer on Si, the key end-goal substrate for the
oxide electronics ﬁeld [42,43]. We explored a range of compositions
across the BTO (or STO)-BFO compositional line. We denote pure and
solid solution ﬁlms of BFO-BTO with the molar percentage of 100:0 and
75:25 as BFO100 and BFO75-BTO25 hereafter, respectively. We show a
linear relation of unit cell volume of the BTO (or STO) ﬁlms with
fraction of BFO added to them, indicative of a clean solid solution
across the whole compositional range, which is further supported by
transmission electron microscopy. Most importantly, we show for the
ﬁrst time how to strongly improve the ferroelectric performance of ti-
tanate ﬁlms while also increasing their maximum dielectric peak tem-
peratures. We ﬁnd BFO25-BTO75 and BFO25-STO75 to be the optimum
ﬁlm compositions. These compositions have the highest crystallinities,
macroscopic ferroelectric properties and dielectric properties and they
are strongly improved compared to BTO100 and STO100, respectively.
The BFO25-BTO75 ﬁlm has a high dielectric constant (> 1000) from
room temperature to 500 °C and shows a high dielectric constant
stability, ∆C
CRT
(from room temperature to 330 °C) of ~ 9%. Also, the
leakage current is lowest for this composition and the breakdown
strength highest (> 2200 kV cm−1). The high breakdown strength and
maximum polarization (Pmax) of the BFO25-BTO75 ﬁlm and the BFO25-
STO75 ﬁlm gives electric energy densities (W) of: 52.2 J cm−3 and
31.8 J cm−3, respectively, as high as the highest reported values for
lead-based materials [44,45]. Hence, there are excellent prospects for
the solid solution composition ﬁlms of this work in energy storage
applications. In addition, high temperature capacitor applications, e.g.
in electric vehicles, avionics and downhole electronics, could strongly
beneﬁt from the high and relatively ﬂat temperature dependent-di-
electric constants and low losses demonstrated here.
2. Material and methods
Film fabrication: SrRuO3 (SRO)-buﬀered SrTiO3 (STO) (001) sub-
strates (areas: 0.5 × 0.5 cm2) were used. SRO layers (nominal thickness
of 38 nm) were grown as bottom electrodes on STO (001) substrate by
pulsed laser deposition (PLD) with a KrF laser (λ = 248 nm) with ﬂu-
ences of 2.25 J cm−2 and repetition rates of 1 Hz. The growth rates of
the SRO layers are 0.05 nm s−1. The heater temperature of 715 °C and
the oxygen pressure of 0.2 mbar were maintained during deposition.
The SRO ﬁlms was post-annealed at 450 °C for 1 h under 400 mbar O2
and cooled at a rate of 15 °C min−1. BiFeO3 (BFO)-BaTiO3 (BTO) targets
and BFO-STO targets were prepared by thoroughly mixing stoichio-
metric amounts of Bi2O3, Fe2O3, BTO and STO with bismuth excess for
preventing bismuth deﬁciency, followed by sintering at 800 °C. Films
were grown on the SRO-buﬀered STO (001) substrates by PLD with
ﬂuences of 2.25 J cm−2 and repetition rates of 1 Hz. The ﬁlm growth
rates of 0.14 nm s−1 were kept the same for all the sample by con-
trolling distances from the targets and substrates. During deposition,
the heater temperature was 715 °C and the oxygen pressure was 0.2
mbar. Pt electrodes were deposited by DC-magnetron sputtering onto
the ﬁlm surface with shadow masks for electrical measurements.
Charaterizations: The phase and the crystalline quality of the thin
ﬁlms were investigated by ω-2θ and asymmetric X-ray diﬀraction
(XRD) on a PANalytical Empyrean high resolution X-ray diﬀractometer.
Reciprocal space maps (RSMs) were collected about the (103) of STO
substrates. ω-2θ diﬀraction peaks and RSM peaks were used to calculate
lattice parameters of the ﬁlms. For investigating in-plane orientation,
phi (φ) scans were obtained by 360° in-plane sample rotation around
(111) peaks of the ﬁlms and substrates. Transmission electron micro-
scopy (TEM) was performed using a FEI Tecnai G2 F20 microscope,
operated at 200 kV. We measured leakage currents using a two-probe
station and a Keithley 2440 source-meter. A Radiant 100 Precision
ferroelectric tester was used to measure the room temperature polar-
ization versus electric ﬁeld (P-E) hysteresis loops. To measure dielectric
constants with temperature variation, we used a hot plate and an HP
4294A Precision Impedance Analyser. The dielectric constant was
measured with frequency, and its dependence on temperature extracted
at 1, 5, 25 and 120 kHz with a 50 mV ﬁeld.
3. Results and discussion
BFO, BTO, STO and their mixture ﬁlms were deposited on con-
ducting SrRuO3 (SRO)-buﬀered STO substrates by pulsed laser deposi-
tion (PLD) with the same growth conditions except target compositions.
The SRO buﬀer layers are used as bottom electrodes for electric mea-
surements [46]. The nominal thicknesses of the ﬁlms and SRO buﬀer
layers are ~ 180 nm and ~ 38 nm. The estimated compositions of the
mixture ﬁlms are measured and provided in the Supporting information
(Table S1).
The room temperature ferroelectric properties of the ﬁlms across the
solid solution series were characterized by the polarization hysteresis
method. The BFO100, BFO75-BTO25 and BFO50-BTO50 ﬁlms showed
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leaky polarization versus electric ﬁeld (P-E) curves (Fig. S1 in the
Supporting information). This is not surprising considering the high
BFO fractions. On the other hand, the BTO100 ﬁlm exhibits a macro-
scopic ferroelectric property. Fig. 1a shows P-E hysteresis loops for the
BTO100 ﬁlm. The maximum polarization (Pmax), saturation polariza-
tion (Ps), remanent polarization (Pr) and coercive ﬁeld (Ec) values for
the BTO100 ﬁlm are 62.4 μC cm−2, 51.1 μC cm−2, 31.2 μC cm−2, and
42 kV cm−1, respectively, with the applied electric ﬁeld range of±
500 kV cm−1, which are comparable to those of epitaxial BTO ﬁlms in
the literatures [47–50]. Fig. 1b shows the dielectric constants as a
function of temperature for the BTO100 ﬁlm. We observe a peak at
127 °C, coinciding with the Tc of BTO. There is no shift in this peak
position with frequency, indicating a displacive, rather than diﬀuse,
phase transition [51].
Fig. 1c shows P-E hysteresis loops for the BFO25-BTO75 ﬁlm, which
was found to give the lowest leakage current across the solid solution
series (Fig. 1g). The Pmax, Ps, Pr, and Ec values for the BFO25-BTO75
ﬁlm are 125.3 μC cm−2, 98.2 μC cm−2, 36.6 μC cm−2, and
75 kV cm−1, respectively, at an applied electric ﬁeld range of± 2100
kV cm−1. The Pmax and Ps values are 101% and 92% higher than the
highest measured values for the BTO100 ﬁlm (62.4 μC cm−2 and
51.1 μC cm−2, Fig. 1a) deposited under the same deposition conditions,
respectively.
Fig. 1d shows the dielectric constants as a function of temperature
for the BFO25-BTO75 ﬁlm. The ﬁlm has high dielectric constants
(> 1000) from room temperature up to 500 °C and shows a typical
behavior of relaxors, i.e. a smeared maxima of dielectric permittivity
with the temperature of the maximum shifting toward higher tem-
peratures with increasing measurement frequency [52]. The dielectric
constant stability of the ﬁlm against temperature is deﬁned as
∆
=
−
×
C
C
ε ε
ε
100%
RT
max min
RT (1)
where εmax, εmin, and εRT are respectively the maximum, minimum and
room temperature dielectric constants [53]. The optimum BFO25-
BTO75 ﬁlm shows a very high dielectric constant stability, ∆C
CRT
(from
room temperature to 330 °C) of ~ 9% (Table S2 in the Supporting in-
formation). ∆C
CRT
of most conventional X7R (up to 125 °C) and X8R (up to
150 °C) capacitors are ~ 15%. Also, this ﬁlm composition has a di-
electric constant higher than 1000 with high stability at temperatures
up to 330 °C, which is also a very promising feature for high tem-
perature capacitor applications.
We now focus on the STO-BFO compositions. We see that the
STO100 ﬁlm shows a paraelectric characteristic at room temperature,
as expected. Consistent with the comparator BTO composition with
high BFO fraction, the BFO75-STO25 and BFO50-STO50 ﬁlms exhibit
leaky P-E curves (Fig. S2 in the Supporting information). On the other
hand, the BFO25-STO75 ﬁlm exhibits macroscopic ferroelectric prop-
erties (Fig. 1e). The Pmax, Ps, Pr, and Ec values for the BFO25-STO75 ﬁlm
are 81.7 μC cm−2, 71.4 μC cm−2, 16.5 μC cm−2, and 139 kV cm−1,
Fig. 1. Polarization versus electric ﬁeld loops for (a) BaTiO3 (BTO)100 ﬁlm, (c) BiFeO3 (BFO)25-BTO75 ﬁlm and (e) BFO25-SrTiO3 (STO)75 ﬁlm. Temperature dependence of relative
dielectric constants of (b) BTO100 ﬁlm, (d) BFO25-BTO75 ﬁlm and (f) BFO25-STO75 ﬁlm and STO100 ﬁlm at diﬀerent frequencies. Leakage current density as a function of electric ﬁeld
measured at room temperature for (g) BFO, BTO and their solid solution ﬁlms and (h) BFO, STO and their solid solution ﬁlms.
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respectively, within the applied electric ﬁeld range of± 1200 kV cm−1.
The Pmax and Ps values of the BFO25-BTO75 (Fig. 1c) and BFO25-
STO75 (Fig. 1e) ﬁlms are comparable to those of lead-based thin ﬁlms
in the literatures [54–57]. Again, consistent with the comparator BTO
composition with high BFO fraction the temperature dependence of the
dielectric constant for the BFO25-STO75 ﬁlm (Fig. 1f) show a typical
relaxor behavior with dielectric constants higher than for the STO100
ﬁlm from room temperature to 500 ºC.
For any dielectric application of the thin ﬁlms, leakage currents
need to be minimized [58]. Figs. 1g and 1h show the leakage current
densities of the BFO100, BTO100, STO100 and their solid solution ﬁlms
at room temperature as a function of applied electric ﬁelds. At an
electric ﬁeld of − 200 kV cm−1, the BTO100 and STO100 ﬁlms show
leakage currents more than two orders of magnitude lower than that of
the BFO100 ﬁlm (Figs. 1g and 1h). Going across the solid solution
series, there is a general trend that the more BFO in the ﬁlm, the higher
the leakage. This is expected since without extreme care of growth
optimization for BFO, it is a very leaky material [59]. Fe ions can act as
trap centres, and oxygen vacancies formed during growth cause a
portion of the Fe3+ ions to become Fe2+ [60]. Also, Bi non-stoichio-
metry is prevalent and leads to a range of defects which increase
leakage [8]. The leaky natures of the ﬁlms with a higher fraction than
50% of BFO are also manifest in leaky P-E curves (Figs. S1 and S2 in the
Supporting information).
Interestingly, the BFO25-BTO75 ﬁlm exhibits lower leakage current
densities than BTO100. We hypothesize that the enhanced crystalline
perfection of BTO induced by the low level BFO addition outweighs the
inherent leaky nature of the BFO. Evidence to support this hypothesis is
shown later. Up to ~ 300 °C in the BFO25-BTO75 case and to ~ 100 °C
in the BFO25-STO75 case, the 25% BFO-doped titanate ﬁlms exhibit
lower loss tangent values than the BTO100 ﬁlms (Fig. 2).
Detailed understanding of the nature of the improved ferroelectric
and dielectric properties of the ﬁlms was obtained from a range of X-ray
diﬀraction (XRD) measurements as well as transmission electron mi-
croscopy (TEM). The crystalline natures of the ﬁlm were investigated
using four-circle XRD. Fig. 3 shows XRD ω-2θ scans for the BFO, BTO,
STO and their mixture ﬁlms (see also Fig. S3 in the Supporting in-
formation for XRD ω-2θ scans with wider 2θ ranges) indicating that the
ﬁlms were well crystallized and highly crystallographically oriented
(ﬁlm growth directions: [001]). Interestingly, double peaks appeared in
addition to the SRO and STO substrate peaks in the BTO100 and
BFO100 cases as well as in the BTO-BFO mixtures (Fig. 3a). For the
mixed BTO-BFO PLD targets, the possible reasons for the double peaks
are the coexistence of relaxed and strained phases [61,62], phase se-
paration of the diﬀerent metal oxides [63–65], and twinning [66]. This
issue will be discussed later in detail. On the other hand, the double
peak character of BFO disappears when it is mixed with STO (i.e. the
BFO-STO system, Fig. 3b). As the concentration of STO increases, the
(002) peaks are sharper and have higher intensities and the positions of
the (00l) reﬂections are gradually shifted to higher 2θ (Fig. 3b), in-
dicating reduction of the out-of-plane lattice constants [23].
As mentioned above, in the cases of the ﬁlms from the mixed metal
oxide PLD targets, the possibilities for phase separations of diﬀerent
metal oxides cannot be ruled out at this point. In this context, Lorenz
et al. claimed BFO-BTO nanocomposite ﬁlm formation based on surface
morphology observation by atomic force microscopy (AFM) [67].
However, grains can be observed on surfaces of even one phase plain
epitaxial ﬁlm [68–70]. Thus, we made cross-sectional TEM observa-
tions on our mixture ﬁlms deposited using the mixed metal oxide PLD
targets to clarify this issue. Figs. 4a and 4b show representative cross-
sectional high-angle annular dark-ﬁeld (HAADF) scanning transmission
electron microscope (STEM) images of the BFO25-BTO75 and BFO75-
STO25 ﬁlms on SRO-buﬀered STO substrates, respectively. The HAADF-
STEM images indicate high uniformity of the composition without
phase separation of the diﬀerent metal oxides [71]. Large range ob-
servations of the diﬀerent composition ﬁlms also show no phase se-
paration. Therefore, the mixture ﬁlms are solid solution ﬁlms.
High-resolution cross-sectional STEM images (Figs. 4c and 4d), se-
lected-area electron diﬀraction (SAED) patterns along the [010] zone
axis (Figs. 4e and 4f) and φ-scans (Fig. S4 in the Supporting informa-
tion) for the solid solution ﬁlms on the SRO-buﬀered STO substrates
indicate cube-on-cube epitaxy of the ﬁlms on the SRO-buﬀered STO
(001) substrates. The epitaxial relationships between the solid solution
ﬁlms, SRO and STO substrate are solid solution [001] // SRO[001] //
STO[001], solid solution[100] // SRO[100] // STO[100] and solid
Fig. 2. Temperature dependence of dielectric loss tangent at 25 kHz for the BaTiO3 (BTO)
100, BiFeO3 (BFO)25-BTO75 and BFO25- SrTiO3 (STO)75 ﬁlms.
Fig. 3. X-ray diﬀraction ω-2θ scans of (a) BaTiO3 (BTO), BiFeO3 (BFO) and their mixture
ﬁlms and (b) SrTiO3 (STO), BFO and their mixture ﬁlms.
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solution[110] // SRO[110] // STO[110]. Figs. 4g and 4h show crys-
tallographic models of interfaces between BFO-BTO and BFO-STO solid
solution ﬁlms and SRO buﬀer layers, respectively, based on the struc-
tural characterization results.
To more deeply investigate the uniformity and perfection of the
crystalline structures both in-plane and out-of-plane, we obtained XRD
reciprocal space maps (RSMs, Figs. 5a and 5b) around the (103)
asymmetric peaks. The SRO(103) and ﬁlm (103) peaks were observed
in the lower qz regions than the high intensity (103) peak of the STO
substrate. The qx positions for SRO(103) peak are, within error range,
equal to those of the (103) peaks for the STO substrates, which indicates
the SRO buﬀer layers are fully strained along the in-plane directions. As
mentioned brieﬂy for the ω-2θ scans (Fig. 3), the BFO, BTO and the
solid solution ﬁlms have double XRD peaks. They also have double RSM
peaks (Fig. 5a). Hence, apart from the BFO-STO system which is
structurally compatible with the STO substrate, each ﬁlm has a broader
and stronger peak in the higher qz region and a narrower and weaker
peak in the lower qz region. The broader ﬁlm peaks are not aligned with
the SRO/STO peaks along the qx direction indicating the strain
relaxation in-plane. The results show that in the BFO, BTO and solid
solution ﬁlms, there is coexistence of both a fully substrate-strained
region of the ﬁlm and a relaxed region [61,62]. The in-plane and out-of-
plane lattice parameters of the ﬁlm determined from measurements of
the c parameters from ω-2θ scans (Fig. 3), and by calculating the a
parameters based on the centres of the peaks of the main broad ﬁlm
RSM peaks, are shown in Fig. 5b. The lattice parameters are provided in
Table S3 of the Supporting information. The unit cell volumes of the
BTO (STO) systems decrease (increase) with BFO incorporation, as
expected (Fig. 5c). The excellent linearity (obeying Vegard’s law) of the
plot linking the bulk titanate lattice parameters to the BFO lattice
parameters proves the perfect mixing of the diﬀerent perovskite ma-
terials in the ﬁlms.
Since in our 180 nm thick ﬁlms, the relaxed region with a broader
spread of lattice parameters is the predominant fraction of the ﬁlm, the
structural nature of this region will likely determine the overall ferro-
electric properties. The question is how defective, in this majority
fraction of the ﬁlm, one ﬁlm composition is relative to another and how
this relates to the properties. Assessment both of the RSM peak widths
and rocking curve widths gives a way to assess the ﬁlm perfection. The
qx widths (Δqx) of the ﬁlm peaks in the RSMs gives a measure of the
spread of lattice parameters in each ﬁlm, a narrower spread indicating
better overall crystalline perfection. Both the BFO25-BTO75 and
BFO25-STO75 ﬁlms have signiﬁcantly lower Δqx values (as indicated on
the plot) than the parent BTO and STO ﬁlms, consistent with enhanced
ﬁlm growth kinetics with addition of the BFO with the lower melting
point (Figs. 5d, 5e, 5f and 5g).
Rocking curve widths (Δω) are also a measure of ﬁlm perfection
since they show how the crystalline grains tilt out of the plane of the
ﬁlm. Figs. 6a and 6b show that the ﬁlms with higher electrical break-
down strength generally have lower Δω values. Figure S5 shows the
actual rocking curves of the (002) peaks from which the data in Figs. 6a
and 6b is drawn. We also see that the ﬁlms with higher electrical
breakdown strength also have lower qx widths (Figs. 6c and 6d) in line
with the Δω data (Figs. 6a and 6b). Hence, crystalline perfection in
terms both of narrowness of lattice parameters and better crystalline
alignment are both critical to achieving higher electrical breakdown
strength.
Enhanced dielectric breakdown strength (Fig. 6), lower leakage
current (Figs. 1g and 1h), higher overall Pmax (Figs. 1c and 1e), all
derive from the enhanced crystalline perfection as quantiﬁed by the
lower Δqx and Δω values of the titanate ﬁlms through addition of BFO,
which we attribute enhancement of growth kinetics [41], which in turn
leads to lower defect concentrations. The additional key beneﬁt of BFO
addition is the increase of the maximum dielectric peak temperatures of
the BTO and STO phases, to ~ 450 °C and ~ 200 °C, respectively,
making the materials suitable for higher temperature applications.
Apart from the high temperature capacitor applications derived
from ﬂat and high dielectric constant from room temperature to 330 °C
for the BFO25-BTO75 ﬁlm, another important application area derived
from the enhanced Pmax and dielectric breakdown strength is in di-
electric energy storage. Dielectric capacitors are a promising tech-
nology for energy storage devices in high-power applications because of
their high-power density, fast charge/discharge time (< 1 μs), low cost,
and high thermal and mechanical stability [72–76]. The energy density
(W) of a dielectric material is given by
∫= ≤ ≤W EdP E E(0 )P
P
max
r
max
(2)
where E is the applied electric ﬁeld that causes the variation in electric
polarization P, Pr is the remnant polarization, Pmax is the maximum
polarization under the applied electric ﬁeld and Emax is the maximum
applied electric ﬁeld. W of the BTO100 ﬁlm is 5.6 J cm−3. The high
Pmax and dielectric breakdown strength values of the BFO25-BTO75
ﬁlm and the BFO25-STO75 ﬁlm lead to high W values of 52.2 J cm−3
and 31.8 J cm−3, respectively. The W of the BFO25-STO75 ﬁlm is
Fig. 4. (a and b) Low magniﬁcation cross-sectional high-angle annular dark-ﬁeld scan-
ning transmission electron microscope (HAADF-STEM) images of BiFeO3 (BFO)25-BaTiO3
(BTO)75 ﬁlm and BFO75-SrTiO3 (STO)25 ﬁlm on SrRuO3 (SRO)-buﬀered STO substrates,
respectively. (c and d) High resolution cross-sectional transmission electron microscope
images of the ﬁlms. (e and f) Selected-area electron diﬀraction (SAED) patterns of the
solid solution ﬁlms, SRO buﬀer layers and STO substrates along the [010] zone axes. (g
and h) Crystallographic models around interfaces between the solid solution ﬁlms and
SRO buﬀer layers.
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comparable to the highest reported W values from lead-based materials
(Fig. 7) [44,45,74–84]. The W value is close to that of
(Bi0.5Na0.5)0.9118La0.02Ba0.0582(Ti0.97Zr0.03)O3 (BNLBTZ) which has a
very complex composition [76]. Compared with the BNLBTZ ﬁlm, our
ﬁlms have simple compositions which means they are easier to process.
This work is the ﬁrst demonstration of what is possible in the mixed
titanate-low melting point material system. With further compositional
and process optimization, there are strong prospects for yet further
performance improvements.
4. Conclusion
In summary, epitaxial lead-free perovskite solid solution thin ﬁlms
of BFO-BTO and BFO-STO were shown to have strongly enhanced di-
electric and ferroelectric properties compared to the parent titanate
compounds as a result of their much improved crystalline perfection.
The improved perfection of both the BTO and STO ﬁlms can be
explained by the enhanced kinetics of ﬁlm growth in the presence of
bismuth compounds with lower melting points. Fig. 8 summarizes the
results of this study. The BFO25-BTO75 composition shows the lowest
leakage current of any of the compositions, as well as a higher electrical
breakdown strength than pure BTO (BTO100). The ferroelectric and
dielectric properties correlate directly with the higher crystallinity of
the BFO25-BTO75 ﬁlm. This composition also exhibits high Pmax, Ps,
dielectric constant, dielectric constant stability and electric energy
density. The BFO25-STO75 composition shows similar eﬀects with
much improved ferrolectric properties which correlate with crystalline
perfection. The main diﬀerence with BFO25-BTO75 is the lower tem-
perature of the dielectric permittivity maximum (~ 200 °C for BFO25-
STO75 cf. ~ 450 °C for BFO25-BTO75). Pmax, the dielectric constant,
the thermal stability of dielectric constant and energy storage density of
the BFO25-BTO75 ﬁlm are comparable to the best results of any other
lead-free thin ﬁlms, while also having the advantage of being a much
simpler composition. Furthermore, this strategy for enhancing
Fig. 5. Reciprocal space maps (RSMs) of (a) BaTiO3 (BTO), BiFeO3 (BFO) and their solid solution ﬁlms and (b) SrTiO3 (STO), BFO and their solid solution ﬁlms on SrRuO3 (SRO)-buﬀered
STO substrates around the STO (103) reﬂections. In the BFO50-BTO50 maps the position of the second peak of the BFO50-BTO50 ﬁlm is expected to be within the double side arrow based
on the ω-2θ scan (Fig. 3). (c) Unit cell volumes of the BFO, BTO, STO, BFO-STO solid solution and BFO-STO solid solution ﬁlms on the SRO-buﬀered STO substrates as a function of
composition. The volumes were calculated using the in-plane and out-of-plane lattice parameters of the relaxed ﬁlm peaks in the RSMs, i.e. the broader peaks at higher qz values. The
three horizontal lines indicate the unit cell volumes for bulk BTO, BFO and STO calculated from the Joint Committee on Powder Diﬀraction Standards (JCPDS) # 89–1428, # 74–2016
and # 35–0734, respectively. Normalized intensities of the (103) peaks of (d) BTO100 ﬁlm, (e) BFO25-BTO75 ﬁlm, (f) STO100 ﬁlm and (g) BFO25-STO75 ﬁlm determined from the RSMs.
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crystallinity can be extended to other materials than titanates.
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